focused on SSR development from J. regia. Several authors (Zhang et al., 2010; Yi et al., 2011; Zhang et al., 2013) used expressed sequence tag (EST) sequences of Juglans, and Chen et al. (2014) and Ikhsan et al. (2016) used the bacterial artificial chromosome (BAC) end sequences (BESs) of the Chandler cultivar deposited in the National Center for Biotechnology Information (NCBI) database. Najafi et al. (2014) and Topcu et al. (2015) used an enrichment method and genomic DNA to develop SSR markers in walnut. Hence, there are about 750 published SSRs for Juglans, and most of them were developed from J. regia.
A few studies have focused on the characterization of J. regia germplasm or populations in different countries, and almost all of them used similar SSR primer pairs developed from J. nigra by Woeste et al. (2002) . Genetic diversity values of SSR loci are good indicators to choose the best primer pairs for a genetic study. For example, SSR loci with a high number of alleles (Na), effective number of alleles (Ne), observed and expected heterozygosity (Ho and He, respectively), and polymorphism information content (PIC) provide more genetic information about germplasm collections or populations. They might also have an advantage: they require fewer primer pairs, thereby reducing the cost and labor in a genetic study. SSRs that span ≥20 bp are classified as Class I and those with <20 bp are classified as Class II (Temnykh et al., 2001), and Ikhsan et al. (2016) confirmed that, in walnut, Class I SSRs are more polymorphic than Class II ones.
Therefore, this study aimed to develop novel SSR markers from Class I repeats and create a set of SSR markers that have high genetic diversity values for further genetic studies in walnut. Although a few studies focused on SSR marker development in Juglans, the total number is still inadequate to construct an SSR-based genetic linkage map for walnut. Hence, we intended to develop numerous novel polymorphic SSRs for J. regia that might provide an opportunity to construct an SSR-based genetic linkage map in walnut.
Materials and methods

Plant materials and genomic DNA extraction
In this study, 8 Turkish (Kaplan-86, Maras-12, Sutyemez-1, Sutyemez-2, Sebin, Kaman-1, Yalova-1, and Bilecik), 3 French (Franquette, Fernor, and Fernette) , and 5 US (Chandler, Hartley, Serr, Pedro, and Midland) J. regia cultivars were used to test novel SSRs for polymorphism. All plant materials were collected from Kahramanmaraş Sütçü İmam University in Kahramanmaraş Province, Turkey. DNAs were extracted from lyophilized leaf tissues by using the CTAB method (Doyle and Doyle, 1987) . DNA concentrations were measured using a Qubit Fluorimeter (Invitrogen) and were diluted to a concentration of 10 ng/ μL for PCR reactions.
Primer design and SSR-PCR amplification
The sequences of BACs from J. regia 'Chandler' were retrieved from the NCBI database as described by Wu et al. (2012) . SSR screening and primer pair design were conducted using BatchPrimer3 v1.0, a web-based software, as reported by You et al. (2008) . The standard settings of the program were used, except for these parameters: max mispriming: 8; pair max mispriming: 16; min GC%: 40; max self-complementarity: 5; max 3' selfcomplementarity: 1; max poly X: 4. The loci having Class I SSRs were chosen for further analysis, and a total of 800 primer pairs were designed and used in this study.
The SSR-PCRs were performed using the three primerbased strategy described by Schuelke et al. (2000) with minor modifications (Zaloglu et al., 2015) . PCR reactions, cycling conditions, and capillary electrophoresis were done as described by Topcu et al. (2015) . A fixed annealing temperature (58 °C) was used for all tested primer pairs.
Data analysis
After the capillary electrophoresis of the SSR loci, genetic diversity values such as the number of alleles (Na), the effective number of alleles (Ne), expected heterozygosity (He), and observed heterozygosity (Ho) were calculated using GenAlex v6.5 (Peakall and Smouse, 2012) . PIC was calculated using PowerMarker software v3.25 (Liu and Muse, 2005) .
The allele sizes from all the polymorphic SSR loci were scored in an Excel file and they were used to obtain an unweighted pair group method with arithmetic mean (UPGMA) dendrogram by using band coefficients in NTSYS-pc:2.21 software (Rohlf, 2011) . The clustering result of the cultivars was used to reanalyze the genetic diversity values of the novel SSR loci for each subgroup to determine and select the best SSR loci with the highest genetic diversity values in all subgroups. For the selection of the SSR loci, the minimum genetic diversity values were Ne = 3.3, Ho = 0.50 He = 0.70, and PIC = 0.65.
Results
Amplification and polymorphism of SSR primer pairs
In this study, a total of 800 Class I SSRs (≥20 bp) were randomly chosen and tested in the Turkish and in the US-French walnut cultivars for amplification and polymorphism. Of them, 551 (68.9%) were polymorphic. The forward and reverse primer sequences, repeat motif, estimated product size, and allele ranges are presented in Supplementary File 1. Of the remaining 249 SSRs, 88 (11%) did not have an amplification product and 161 (20.1%) were monomorphic.
Genetic diversity values of polymorphic SSR loci
A total of 2696 alleles were produced by the 551 polymorphic SSR loci in the 16 walnut cultivars, ranging from 2 to 14 alleles per locus (Na) with an average number of 4.9 (Supplementary File 2). Fifty-seven polymorphic SSR loci produced only two alleles, whereas the JRHR216759 locus amplified the highest number of alleles (14 alleles) in the 16 walnut cultivars. Ne was between 1.29 and 9.93. The average number of effective alleles of all 551 SSR loci was 2.94. The lowest Ne was noted in JRHR228382, JRHR213941, and JRHR213703 SSR loci, whereas the highest was in the JRHR225189 locus. Ho was between 0 and 1, and the average value was 0.52. The lowest Ho was noted in JRHR218990, JRHR228372, JRHR220057, JRHR207739, JRHR204228, JRHR219692, JRHR219701, JRHR219908, JRHR215030, and JRHR214289 SSR loci, whereas the highest was calculated in JRHR218332, JRHR225146, JRHR215899, JRHR214227, JRHR221011, JRHR215944, JRHR206452, JRHR217811, JRHR216033, JRHR212973, and JRHR214401 SSR loci. He ranged between 0.22 and 0.90 with an average of 0.60. The JRHR225189 locus had the highest and JRHR213941 and JRHR213703 loci had the lowest He values. The PIC of all SSR loci was between 0.21 and 0.89 with an average of 0.62. The lowest PIC value (0.21) was observed in JRHR228372, JRHR213941, and JRHR213703 loci, whereas the highest values were noted in JRHR225189 (0.89), JRHR216759 (0.88), and JRHR211565 (0.87) loci.
Genetic relationships among walnut cultivars
A total of 2696 alleles from 551 polymorphic SSR loci were used to analyze the genetic relationships of the 16 walnut cultivars. The UPGMA dendrogram (Figure) showed that the walnut cultivars were separated into two main groups based on their origins. All the Turkish cultivars were included in one group, while the US-French cultivars were included in the second group. Similarity coefficients between the 16 walnut cultivars ranged from 0.424 to 0.771 (Table 1) . According to the genetic similarity coefficient values, Kaman-1 and Fernor were the most distant cultivars, whereas Fernor and Franquette were the closest pairs of cultivars. Franquette -Midland (0.766), Fernor -Fernette (0.764), Franquette -Hartley (0.758), and Fernette -Franquette (0.754) were the other closest pairs of cultivars. Among the Turkish cultivars, Sutyemez-1 and Sutyemez-2 (0.609) were the closest pairs of cultivars. The average similarity value was 0.503 in the Turkish group, whereas it was 0.670 in the US-French group. The average similarity value between the Turkish and the US-French groups was 0.481. Cultivar Serr was the most diverse cultivar in the foreign group (Table 1; Figure) .
A new SSR set for population and genetic diversity studies in walnut
To use the best SSRs, we determined 20 SSR loci with the highest genetic diversity values from the current study for further studies on germplasm characterization, parental identification, population genetics, and genetic diversity in walnut. The list of these SSRs and their genetic diversity values in the analysis of the Turkish and US-French groups and in all walnut cultivars are shown in Table 2 . To choose the best SSRs, we separately calculated genetic diversity values of all the SSR loci for the 8 Turkish and 8 US-French cultivars and the loci having the highest genetic diversity values in both of the groups of cultivars were selected as a new SSR primer set for further genetic studies in walnut.
In the analysis of the 16 walnut cultivars, the Na values were between 6 and 13 with an average of 9.3, whereas the Ne values ranged from 4.5 to 9.9 with a mean of 6.1. The He values of 20 SSR loci ranged between 0.78 and 0.90 with an average of 0.83. The average PIC value was 0.81 and it ranged from 0.74 to 0.89. In the separate analysis of Turkish and the US-French groups, the Turkish group had higher average genetic diversity values than the USFrench group. For example, Turkish Na, Ne, He, Ho, and PIC values were 6.8, 5.1, 0.84, 0.79, and 0.76, respectively, whereas they were 6.1, 4.4, 0.81, 0.76, and 0.73, respectively in the US-French group. Moreover, a total of 2292 alleles were obtained from the Turkish group, while the USFrench group produced 1689 alleles.
Discussion
Novel polymorphic SSR markers in walnut
SSR markers are widely used in population genetics, parental identification, and genetic linkage map construction owing to their codominant nature, high reproducibility, and good genome coverage. SSRs are also an important marker system to combine parental genetic linkage maps in F1 segregating populations where the genetic maps of two parents are constructed. The lack of a sufficient number of SSRs impedes the construction of an SSR-based genetic linkage map in walnut. Therefore, in this study, the highest number of SSR markers for J. regia was produced. Woeste et al. (2002) were the first to develop SSR markers in Juglans by using J. nigra genomic DNA. A total of 53 SSR primer pairs were reported by Woeste et al. Furthermore, SSRs have been developed from J. regia. Several authors (Zhang et al., 2010; Yi et al., 2011; Zhang et al., 2013) used the EST sequences of Juglans deposited in the NCBI GenBank and developed a total of 150 SSRs. Najafi et al. (2014) and Topcu et al. (2015) used an enrichment method in J. regia and published 13 and 185 polymorphic SSRs, respectively. Chen et al. (2014) and Ikhsan et al. (2016) used the BAC end sequences of the Chandler cultivar in GenBank deposited by Wu et al. (2012) and developed 12 and 307 polymorphic SSRs, respectively. In this study, we developed the highest number (551) of polymorphic Class I SSRs that might help in the construction of the first saturated genetic linkage map in walnut; this experiment is underway in our laboratory. Ikhsan et al. (2016) suggested using Class I SSRs in walnut due to their higher rates of polymorphism and genetic diversity values. Therefore, we used only Class I SSRs in this study and obtained the highest number of polymorphic SSR loci with the highest efficiency (68.9%), whereas Ikhsan et al. (2016) obtained a lower efficiency value (55.0%) when they used 558 Class I and Class II SSRs together.
Genetic diversity values
SSRs with high genetic diversity values are preferred in different studies such as germplasm characterization, Ikhsan et al. (2016) . When the genetic diversity values were compared to those reported previously in walnut, the highest genetic diversity values were obtained in this study. The average number of alleles ranged between 3.0 (Zhang et al., 2010) and 4.3 (Topcu et al., 2015) in the literature and it was 4.9 in this study. The Ne value was between 1.07 and 5.56 with an average of 2.7 in a study performed by Topcu et al. (2015) , whereas it was between 1.29 and 9.93 and the average value was 2.94 in this study. He values express genetic diversity in a population and are a good factor for selecting highly diverse SSR loci. Zhang et al. (2010) , Topcu et al. (2015), and Ikhsan et al. (2016) obtained He values of 0.52, 0.55, and 0.51, whereas it was He = 0.60 in the current study. PIC ranged from 0.46 (Ikhsan et al., 2016) to 0.50 (Topcu et al., 2015) in previous SSR development studies, whereas it was 0.55 in this study. SSRs with dinucleotide motifs had higher genetic diversity values than the other motif types in the study performed by Ikhsan et al. (2016) , and similar results were also obtained in the current study.
Genetic relationship among walnut cultivars
The genetic relationships among the 16 walnut cultivars were determined using 2696 alleles from 551 novel SSR loci with a UPGMA dendrogram constructed using the band similarity coefficient. We obtained a very robust dendrogram with 2696 alleles and 16 walnut cultivars were separated into two main groups: Turkish cultivars were included in one group and the US-France cultivars were included in the second group. Dogan et al. (2014) of 59 walnut cultivars and genotypes in the germplasm of Turkey and obtained results similar to the current study on the division of Turkish and the US-French walnut cultivars. The average genetic similarity was 0.503 in the Turkish group, while it was 0.670 in the US-French group, suggesting high genetic diversity in the Turkish group or close relationships among the US-French cultivars. For example, the average genetic diversity values in the Turkish group (Na = 4.2, Ne = 3.0, Ho = 0.47, He = 0.54) were higher than those in the US-French group (Na = 3.1, Ne = 2.2, He = 0.60, Ho = 0.50). Some of the cultivars in the US-French group are progenies of several cultivars in the same group. For example, Fernor and Fernette are the progenies of the Franquette and Lara cultivars, and Midland is a progeny of the Payne and Franquette cultivars (Dangl et al., 2005) . This is the possible reason for lower genetic diversity in the US-French group than in the Turkish one, which included cultivars selected from different parts of Turkey (Kafkas et al., 2005; Dogan et al., 2014) . Sutyemez-1 and Sutyemez-2 were the closest cultivars in the Turkish group. Kafkas et al. (2005) used AFLP and SAMPL techniques for the characterization of 21 walnut cultivars and found that Sutyemez-1 and Sutyemez-2 were close relatives. We selected 20 novel polymorphic SSRs with the highest genetic diversity values from this study (Table 2) , and the averages of Na, Ne, He, Ho, and PIC values in the characterization of only 16 walnut cultivars were higher (9.3, 6.1, 0.83, 0.82, and 0.81, respectively) than those mentioned in the previous studies. Therefore, the novel SSRs in this study can be used for choice of SSRs in further genetic studies in walnut owing to their high genetic diversity values. The lower genetic diversity values in the previous studies than those obtained in the present work can be attributed to the use of similar polymorphic SSR loci that were developed from J. nigra. SSRs with the highest genetic diversity values in a study are essential to obtain more genetic information about germplasm collections or populations with low cost and labor.
Novel SSR set in walnut
It is concluded that, in this study, we have developed 551 novel polymorphic SSR loci from J. regia. This is the highest number of SSR loci reported so far in walnut, and this was possible because Class I SSR motifs provided the highest genetic diversity values in the characterization of 16 Turkish, US, and French walnut cultivars. Therefore, Class I SSRs should be used in SSR development studies if sufficient sequence information is available in a species. A total of 2696 alleles were produced by 16 walnut cultivars and a robust dendrogram was obtained. The cultivars were separated into two groups, and the Turkish group produced a higher number of alleles and genetic diversity values than the US-French group. The chosen 20 SSRs from this study that have high genetic diversity values can be used in further genetic studies in J. regia to obtain more genetic information with low cost and labor. The numerous novel SSRs developed in this study might also be very useful to construct the first SSR-based genetic linkage map, which might help to conduct marker-assisted cultivar breeding, QTL analysis, and comparative and evolutionary genetics in walnut. 
